Autophagy-dependent longevity models in C. elegans display altered lipid storage profiles, but the contribution of lipid distribution to life-span extension is not fully understood. Here we report that lipoprotein production, autophagy and lysosomal lipolysis are linked to modulate life span in a conserved fashion. We find that overexpression of the yolk lipoprotein VIT/vitellogenin reduces the life span of longlived animals by impairing the induction of autophagy-related and lysosomal genes necessary for longevity. Accordingly, reducing vitellogenesis increases life span via induction of autophagy and lysosomal lipolysis. Life-span extension due to reduced vitellogenesis or enhanced lysosomal lipolysis requires nuclear hormone receptors (NHRs) NHR-49 and NHR-80, highlighting novel roles for these NHRs in lysosomal lipid signaling. In dietary-restricted worms and mice, expression of VIT and hepatic APOB (apolipoprotein B), respectively, are significantly reduced, suggesting a conserved longevity mechanism. Altogether, our study demonstrates that lipoprotein biogenesis is an important mechanism that modulates aging by impairing autophagy and lysosomal lipolysis.
Introduction
Yolk lipoproteins are large lipid transfer modules capable of transporting phospholipids and cholesterol to oocytes, supplying lipids and amino acids for embryonic development. In C. elegans, the synthesis of the yolk lipoprotein, VIT/vitellogenin, is performed in the endoplasmic reticulum of the intestine, and is initiated before the worm enters adulthood. VIT is secreted and transported to the developing oocytes via receptor-mediated endocytosis. 1, 2 Since vitellogenesis persists throughout and beyond the reproductive stage, lipoproteins accumulate in the passive circulatory system found between tissues (pseudocoelom) as the animal ages. 3, 4 Proteomic analyses of long-lived insulin/IGF-1 receptor daf-2 mutants have shown that these animals accumulate substantially less VIT 5 via transcriptional and post-transcriptional mechanisms, 6 suggesting that reducing VIT production may be cytoprotective.
Six isoforms encoding VIT (vit-1,-2,-3,-4,-5,-6) are synthesized in the intestine of C. elegans, of which vit-1 to vit-5 display the highest sequence similarities to the N-terminal domain of human APOB (apolipoprotein B), the precursor of hepatic very-low density lipoprotein and intestinal chylomicrons. 7 In mammals, lipoprotein production and secretion can be regulated at various levels: (1) transcriptionally via nuclear repressors and transcriptional activators, (2) post-transcriptionally via cotranslational lipidation and degradation mechanisms, and (3) post-translationally via the ER-to-Golgi intermediary compartment, and Golgi checkpoints that govern secretion of lipoprotein-containing particles. 8, 9 Excess circulating APOB is linked to the development of age-related diseases such as atherosclerosis, which is characterized by a gradual accumulation of lipids in the intima of the arterial walls and subsequently leads to inflammation, fatty streaks, and ultimately the occlusion of blood flow. 10 While the overproduction of atherogenic lipoproteins is physiologically and unambiguously detrimental, the impact of lipoprotein biosynthesis on gene regulation and processes within synthesizing tissues (intestine and liver), somatic maintenance, as well as organismal aging is unclear.
A major life-span determinant in several longevity models is the intracellular recycling process of autophagy. 11 It encompasses a multistep process that begins with the sequestration of intracellular material into an autophagosome, followed by its fusion to a lysosome filled with proteases and lipases, that ultimately break down the autophagic cargo into reusable metabolites. 12, 13 Autophagy is negatively regulated by the nutrient sensor TOR (target of rapamycin; LET-363 in C. elegans), an important regulator of life span in several species, including C. elegans. 14, 15 Under regular nutrient conditions, TOR inhibits autophagy by phosphorylating and inactivating proteins in the autophagy initiation complex. 16 LET-363/TOR also regulates autophagy at the transcriptional level by preventing the nuclear translocation of universally conserved transcription factors, including DAF-16/FOXO, PHA-4/FOXA, and HLH-30/TFEB, that increase the expression of autophagy and lysosomal genes necessary for life span extension in C. elegans. 17 Interestingly, HLH-30/TFEB also regulates genes involved in lipid metabolism, suggesting that the survival of an animal under nutrient stress relies on the stringent coordination between pathways of lipid metabolism and autophagy. 18, 19 We have previously proposed that the breakdown of lipids via autophagy and lysosomal degradation, a process called lipophagy, 20 represents a novel mechanism by which life span is prolonged. 21, 22 Subsequent studies have supported the importance of lipophagy, and more specifically lysosomal acid lipases in the extension of life span, 19 and lipid signaling. 23, 24 Interestingly, several nuclear hormone receptors (NHRs) involved in lipid metabolism have been linked to longevity mechanisms in C. elegans. 25 Gonadal steroid signals such as dafachronic acid have been implicated in facilitating communication between the reproductive system and the soma, via the NHR DAF-12. 26, 27 Another NHR, NHR-49, has been associated with the ability of nematodes to activate beta-oxidation genes under conditions of limited nutrients. 28 Moreover, in long-lived germline-less nematodes, NHR-80 is activated, resulting in an increased expression of genes involved in lipid desaturation. 29 While evidence for complex and conserved relationships between lipid metabolism, reproduction, and life span is accumulating (reviewed in ref. 30) , it is still unclear how they are coordinated to maintain optimal cellular conditions that ultimately foster longevity.
Our current study addresses this relationship by investigating the role of VIT production in mediating changes in lipid metabolism, autophagy and longevity. We found that VIT production and accumulation is reduced in various longevity models, and that artificially increasing vitellogenesis leads to a significant reduction in the life span of long-lived animals, by impairing the induction of autophagy-related and lysosomal lipase genes. Along these same lines, we observed that reducing vitellogenesis extends life span by stimulating autophagy and lysosomal lipolysis. We also demonstrate that longevity mediated by reduced VIT, or enhanced lysosomal lipolysis is dependent on NHRs NHR-49 and NHR-80. These observations suggest that lipids produced via lipophagy may act as signals, via these NHRs, to mediate life span extension. Interestingly, we found that dietary restriction in mice decreases the expression of hepatic Apob, the mammalian counterpart of VIT. Our data point to a conserved longevity mechanism whereby a reduction in lipoprotein biogenesis leads to the redirection of lipids previously destined to the periphery toward a cascade of autophagy, lipid remodeling and signaling. Altogether our study demonstrates an important and previously unrecognized role for lipoprotein production in transcriptionally modulating autophagy and determining life span.
Results

VIT overexpression reduces the life span of long-lived animals
To investigate the role of reduced VIT production in the longevity mechanism of autophagy-dependent, long-lived animals, we assessed the effect of increasing vitellogenesis on their life span. A previously constructed strain 2 expressing a highly conserved VIT protein, VIT-2, fused to GFP under its endogenous promoter was utilized to generate elevated levels of VIT (Fig. S1A) . Expressed in wild-type animals, VIT-2::GFP localized primarily to the oocytes in early adulthood, as previously reported 2 , and accumulated in the pseudocoelomic fluid and gonads after reproduction ended (d 7). A modest decrease in VIT accumulation was also observed when vit-2::GFP was expressed in glp-1(e2141) animals (Fig. S1A) . In long-lived insulin/IGF-1 receptor daf-2(e1370) mutants, we found that vit-2::GFP expression was markedly attenuated (Fig. S1A) , consistent with previous work showing that animals in which DAF-16/FOXO is active in the intestine 31, 32 have reduced VIT gene expression 33 and protein accumulation. 5 Overexpression of vit-2 had no effect on the life span of wild-type animals (Fig. 1A , Table S1 ). However, it significantly reduced the long life span of glp-1 and daf-2 mutants (Fig. 1B and 1C , and Table S1 ). Notably, progeny production and pharyngeal pumping were not affected by increased VIT-2 production in wildtype, glp-1 or daf-2 animals (Fig. S1B) , suggesting that increasing VIT-2 biogenesis did not reduce the life span of glp-1 and daf-2 animals through alterations in reproduction or food intake, both physiological aspects linked to life span.
Since the life span of wild-type animals was not affected by the expression of vit-2::GFP, we explored the effect of further increasing the accumulation of VIT in the pseudocoelom on aging. Silencing rme-2-the gene encoding the VIT receptor, which is expressed in the gonads 2 -led to VIT-2::GFP accumulation in the pseudocoelomic fluid (Fig. S2A ). As expected, a similar profile of VIT distribution was observed in germlineless glp-1 animals expressing vit-2::GFP (Fig. S1A ) due to the lack of rme-2 expression in the absence of a developing germline (Fig. S2B ). More importantly, the redistribution of VIT lipoproteins in the pseudocoelom was not detrimental for the life span of wild-type animals, or wild-type animals expressing vit-2::GFP (Fig. S2C and D, and Table S2 ) in which vit-2 expression was increased by 3 fold (Fig. S2E) . Altogether, these observations suggest that the peripheral accumulation of VIT is not likely to precede or initiate the aging process.
VIT overexpression reduces intestinal lipid storage in longlived animals
Larger stores of neutral lipid droplets as measured by Oil-Red-O staining were maintained throughout the life span of glp-1 and daf-2 mutants, relative to wild-type animals (Figs. 1D-1F , and S1C). 34 In contrast, glp-1 and daf-2 mutants expressing vit-2:: GFP had significantly lower levels of lipid stores on d 20 (¡75% and ¡18%, respectively), evident from the reduction in Oil-Red-O staining (Figs. 1D-1F , and S1C). The loss of neutral lipid droplets from the intestines of these animals could also be deduced from the lighter and less defined profiles of their mid sections (insets within Figs. 1D-1F) . The noticeably smaller effect of VIT overexpression on lipid reduction in daf-2 animals is likely due to the reduced expression of the vit-2::GFP transgene (Fig. S1A) . Overall, the failure of long-lived animals to maintain their intestinal lipid stores when vit-2::GFP is expressed may suggest that higher levels of VIT result in the secretion of lipids that would otherwise be stored and/or remodeled.
VIT overexpression impairs the transcriptional induction of lysosomal lipolysis
Longevity in nematodes is generally dependent on the activity of transcription factors including but not limited to, PHA-4/ FOXA, DAF-16/FOXO and HLH-30/TFEB. 11 The expression of these transcription factors is increased in different longevity models and their levels have been shown to correlate with their activity as they can autoregulate their own expression. 11 Hence, to determine the role of lipoprotein biogenesis in the mechanisms promoting longevity, we investigated the effect of increasing VIT levels on the expression and activity of these longevity-associated transcription factors. VIT-2 overproduction led to a significant decrease in pha-4 mRNA levels in glp-1 animals ( Fig. 2A) . The expression of autophagy gene lgg-1 (ortholog of GABARAP 35 ), a PHA-4/FOXA target gene 20, 36 , was decreased in both glp-1 and daf-2 animals, while Igg-2 (ortholog of LC3A and LC3B) was decreased in glp-1 animals ( Fig. 2A) . Overexpressing vit-2 also resulted in decreased daf-16 levels, as well as the DAF-16/FOXO target gene sod-3 37 , in both glp-1 and daf-2 animals (Fig. 2B) . In contrast, expression of the lysosomal serine carboxypeptidase homolog of cathepsin A, C08H9.1, a DAF-16/FOXO target, 38 was unaffected, suggesting that the expression of specific subsets of DAF-16/FOXO targets may be differentially altered by increased vitellogenesis.
Recent reports suggest that the transcriptional induction of lysosomal lipolysis genes contributes to longevity in glp-1 and daf-2 animals by stimulating lipophagy. 21, 39 We analyzed the expression of lysosomal lipase genes in glp-1 and daf-2 mutants and found that relative to wild-type animals, these long-lived mutants express significantly higher levels of 4 or more lysosomal acid lipase genes relative to wild-type ( Fig. 2C) , which corresponded to significantly higher lysosomal acid lipase activity (Fig. S1D) . Strikingly, vit-2 overexpression markedly inhibited the induction of several lysosomal acid lipase genes of the lipl family, specifically lipl-1 to lipl-8 in glp-1, and lipl-1, ¡2, ¡4 and -8 in daf-2 animals (Fig. 2C ). Accompanying this observation was the significant decrease in lysosomal acid lipase activity in glp-1 mutants, and to a smaller extent in daf-2 animals expressing vit-2::GFP (¡85% and ¡25%, respectively) ( Fig. S1D ). The effect of expressing vit-2::GFP on lipase expression appeared specific to lysosomal acid lipases, as the expression of cytosolic lipase genes, atgl-1 and hosl-1 had no notable change (Fig. S1E) . Therefore, by artificially increasing the production of VITs, we effectively interfered with the expression of pha-4 and daf-16, as well as their targets, which include autophagy and lysosomal lipase genes. This previously unrecognized link between vitellogenesis, autophagy and lysosomal lipolysis, suggests that VIT production may inhibit the ability of organisms to mount and maintain a protective response to agerelated metabolic and proteostatic declines. 40 Figure 1. VIT overexpression impairs longevity. Life span analyses of wild-type (WT) (A), germline-less glp-1(e2141) (B), insulin/IGF-1 receptor mutant daf-2(e1370) (C) and their corresponding vit-2-overexpressing transgenic counterparts (green) grown on OP50 E. coli. Details on life span analyses are found in Table S1 . Micrographs of OilRed-O stained day-20 wild-type (WT) (D), germline-less glp-1(e2141) (E), insulin/IGF-1 receptor mutant daf-2(e1370) (F) and their corresponding vit-2-overexpressing transgenic counterparts. Insets in panels (D to F) are corresponding micrographs for each strain (black border, parent strain; green border, transgenic strain) at d 20, displaying the dark intestine phenotype in the proximal intestine associated with intestinal lipid droplet storage.
Reducing vitellogenesis increases life span and neutral lipid accumulation
To clarify the role of VITs in the life span of C. elegans, we silenced VITs by using E. coli expressing double-stranded RNA (RNAi) against vit genes (vit-1/2, ¡3, ¡4 and ¡5), and studied the effect on life span and lipid accumulation. Vit-1/2 RNAi (hereafter referred as vit RNAi) sufficed in silencing vit-1 to vit-5 (Figs. 3A and S3A and B), largely due to the high level of homology shared by the targeted sequences. The reduction in vit gene expression resulted in a significant (16 to 40%) increase in the life span of wild-type animals ( Fig. 3B and Table S3 ), without affecting progeny production and pumping rates (Fig. S3C ). These observations are consistent with a previous report that also demonstrates life span extension when another RNAi, vit-5, was used (Table S3) . 33 Altogether, these data indicate that reducing the production of VITs has beneficial effects on the life span of C. elegans without relying on a reproductive trade-off. Interestingly, silencing vit genes with RNAi led to a significant increase in neutral lipid accumulation (C136%) in the intestine of wild-type animals, similar to glp-1 and daf-2 animals ( Fig. 1B  and 1C ), which was evident by Oil-Red-O staining (Figs. 3C and S3D). It is therefore conceivable that the lipids bound for yolk lipoprotein biogenesis and secretion were redirected to the cytosol of intestinal cells in the form of neutral lipid droplets. It is important to note that the life span of wild-type animals was unchanged when intestinal lipid storage was increased by inhibiting the expression of the cytosolic lipase atgl-1 (¡67% lipase activity), indicating that solely increasing cytosolic intestinal lipid storage is not sufficient to extend life span ( Fig. S4A and B, and Table S4 ). While intestinal lipid droplet accumulation was also observed in longevity models, including glp-1 and daf-2 ( Fig. 1D-1F ), the origin of these lipids is not clear. Some daf-2 mutant strains, including daf-2(e1370), display an increase in de novo lipogenesis. 43 In glp-1 animals, the expression of lipogenic genes, fasn-1 (fatty acid synthase), and pod-2 (acetyl-CoA carboxylase) were elevated (Fig. S4C) , suggesting that intestinal lipid accumulation may be driven by increased lipogenesis. Interestingly, these lipogenic genes were also required for the long life span of glp-1 animals ( Fig. S4D and E, Table S4 ), lending further support to the importance of lipogenesis in life span extension. However, expression of fasn-1 and pod-2 was not increased in wild-type animals with reduced vitellogenesis (Fig. S4F) . Therefore, we propose that reduced VIT-containing lipoprotein production, along with sustained (or increased) lipogenesis more aptly explain the increase in intestinal neutral lipid accumulation observed in glp-1 and daf-2 mutants 41, 43 ( Fig. 1E and 1F ), as well as animals with reduced vitellogenesis (Figs. 3C and S3D) . Altogether, our data led us to conclude that VIT production play specific roles in intestinal lipid homeostasis and life span extension.
Reducing vitellogenesis increases autophagy and lysosomal lipolysis
To gain insight into the mechanism by which vitellogenesis modulates longevity, we explored the effects of reducing VIT levels on autophagy, lysosomal lipolysis as well as the expression of longevity-related transcription factors and their known targets. Animals subjected to vit RNAi showed an increase in GFP::LGG-1 foci in their proximal intestines (Fig. 3D) , 21, 44 which suggests an increase in autophagosome formation. Expression of longevity-related transcription factors pha-4/foxa and daf-16/foxo were also increased in these animals compared to wild type (Fig. S3E) , while levels of HLH-30/TFEB were unaffected. Wild-type worms expressing daf-16::GFP displayed increased levels upon vit silencing (Fig. S3F) , further corroborating the activity of DAF-16/ FOXO. 31, 45 Loss of VIT production also modified the transcriptional profile of genes required for life span extension. The expression of the autophagy-related targets of PHA-4/ Lifespan analysis of atg-18(gk378) mutants (G), lipl-3(tm4498) (H) and lipl-4(tm4417) mutants (I), daf-12(rh61rh411) mutants (J), nhr-49(nr2014) mutants (K) and glp-1(e2141); nhr-80(tm1011) mutants (raised at the permissive temperature) (L) fed control bacteria or bacteria expressing dsRNA against vit during adulthood. Details on life span analyses are found in Table S3 .
FOXA, namely lgg-1 and lgg-2, was increased (Fig. S3E) , as was the expression of the DAF-16/FOXO target sod-3. However, the mRNA levels of another DAF-16/FOXO target, CO8H9.1, remained unchanged (Fig. S3E) . Expression of HLH-30/TFEB target, atg-18 46 , was increased, but not that of another target, vha-16 (Fig. S3E) . Notably, the expression of lysosomal acid lipase genes (lipl-1, ¡2, ¡3, ¡4 and -7), which are regulated by DAF-16/FOXO 39 and HLH-30/ TFEB, 19 were significantly increased by vit silencing (Fig. 3E) . Accordingly, lysosomal acid lipase activity was increased significantly (Fig. 3F) . Notably, the expression of cytosolic lipase genes atgl-1 and hosl-1 was unaffected (Fig. S3E) . These analyses highlight specific upregulation of longevity-associated transcription factors, as well as autophagy and lysosomal lipolysis genes that arise from reduced vitellogenesis, reminiscent of the expression profiles of the previously analyzed longevity models ( Fig. 2A-2C ).
Longevity associated with vit silencing requires autophagy, lysosomal lipases, DAF-16/FOXO and HLH-30/TFEB As the longevity-associated processes of autophagy and lysosomal lipolysis were induced when animals were subjected to vit RNAi (Fig. 3D-3F ), we sought to confirm the role of autophagy and lysosomal lipases in the long life span mediated by reduced vitellogenesis. ATG-18 (ortholog of mammalian WIPI1/2) is a fundamental protein involved in the initiation of autophagy. 47 We found that loss of atg-18 prevented the lifespan extension conferred by vit RNAi (Fig. 3G) . Silencing VIT in animals bearing mutations in lysosomal lipases lipl-3 or lipl-4 did not increase life span (Fig. 3H and I) . Collectively, these results indicate that both autophagy and lysosomal lipolysis contribute to the longevity mechanism associated with reduced vitellogenesis.
The long life span of glp-1 animals requires the LET-363/ TOR-regulated transcription factors DAF-16/FOXO, HLH-30/ TFEB, as well as the NHR DAF-12, in order to activate the expression of longevity-associated genes. 11 Since glp-1 animals display reduced accumulation of VIT-2::GFP (Fig. S1A) , we aimed to determine whether these longevity modulators also mediate the life-span extension achieved by reducing vitellogenesis. We found that vit silencing failed to extend the life span of daf-16 and hlh-30 mutants (Fig. S3H and I and Table  S3 ), indicating a role for these transcription factors in this longevity regiment, and highlighting potential functional overlap between HLH-30 and DAF-16. 19, 39, 48 Interestingly, loss of daf-12 did not prevent vit silencing from extending the life span of wild-type animals ( Fig. 3J and Table S3 ) and vit silencing had no effect on progeny production and pharyngeal pumping (Fig. S3C) , suggesting that germline signaling does not contribute to the longevity mechanism associated with reduced vitellogenesis.
Lipophagy-mediated longevity requires NHR-49 and NHR-80
NHRs NHR-49 and NHR-80 are required for the longevity of various longevity models, 28, 29 including the long-lived glp-1 animals (Table S4) . 27 ,49 NHR-49 regulates the expression of several genes involved in beta-oxidation, 28 while NHR-80 regulates the expression of lipid remodeling genes, including fatty acid desaturases. 29 We assessed the role of these NHRs in longevity and lipid remodeling, specifically in the context of how vitellogenesis and lysosomal lipolysis modulate lipid homeostasis and lipid signaling. 23 In animals subjected to vit silencing, major targets of NHR-49, acs-2 (acyl-CoA synthetase), and lbp-8 (lipid binding protein), showed elevated levels of expression while ech-1 remained unaffected (Fig. S5A) . The expression levels of delta-9 fatty acid desaturases fat-5, fat-6 and fat-7, which are key targets of NHR-80, were also significantly elevated (Fig. S5B) . It is particularly noteworthy that vit silencing failed to extend the life span of nhr-49 and nhr-80 mutants (Fig. 3K and 3L) as this demonstrates the importance of NHR-49 and NHR-80 in the longevity associated with reduced vitellogenesis. Additionally, these mutants were unable to increase lipid storage under conditions of reduced vitellogenesis ( Fig. S5C and D) , demonstrating the function of these NHRs extends beyond lipid remodeling and into lipid storage. These findings support our previous work on the interdependent relationship between autophagy, lipid remodeling and lipid storage. 34 Altogether, these observations suggest that in order to promote longevity, reduced vitellogenesis needs to be coordinated with transcriptional changes in genes involved in lipid remodeling, transport and breakdown.
As reduced vitellogenesis increases lysosomal lipolysis gene expression, we utilized animals overexpressing lipl-4 39 -a gene previously shown to be elevated when vitellogenesis is reduced (Fig. 3E) -to verify the role of both NHR-49 and NHR-80 in longevity, and establish the potential of lysosomal lipolytic products 23 as signaling molecules for NHR signaling. In wildtype animals, silencing of either nhr-49 or nhr-80 resulted in modest reductions in life span (Fig. S5E and Table S5 ). In contrast, life span was markedly reduced when nhr-49 or nhr-80 was silenced in lipl-4-overexpressing animals ( Fig. S5F and Table S5 ), suggesting that products of lysosomal lipolysis likely contribute to the activation of NHR signaling necessary for maintaining autophagy and promoting longevity, as recently suggested. 24, 50, 51 In addition to our initial findings that increased VIT production impairs lysosomal lipase gene expression (Fig. 2C) , these observations reveal VIT as a central player in the modulation of autophagy and lysosomal lipolysis, which are key mechanisms that promote longevity in several models. 39, 52 Our data also suggest that long-lived animals coordinate lipid metabolism with their transcriptional output to enhance autophagy and lysosomal lipolysis.
Dietary-restricted animals display reduced vitellogenesis and elevated lysosomal lipase gene expression
Having established the importance of vitellogenesis in autophagy and lysosomal lipolysis, we sought to determine whether VIT production also plays a role in the ability of an animal to survive nutrient stress, especially since enhanced autophagy mediates life-span extension by dietary restriction. 53 The expression of vit genes was significantly decreased in pumpingdefective, dietary-restricted, eat-2(ad1116) mutants (Fig. 4A) , which mirrors the markedly decreased levels of VIT protein observed in glp-1 and daf-2 animals (Fig. S1A) . 5 This suggests that both animal models may have a similar requirement of reduced vitellogenesis for longevity. Concomitantly, the expression of lysosomal acid lipases (lipl-1, ¡2, ¡3, ¡4 and -5) in eat-2 animals was significantly increased (Fig. S6A) . Similarly, silencing the nutrient sensor let-363/tor also led to an increase in lysosomal lipase expression (lipl-1, ¡2 and ¡4) (Fig. S6B ). These observations demonstrated that multiple, mechanistically distinct longevity models display increased lysosomal lipolysis. As seen in other longevity models (Fig. S1A) , we observed that vitellogenesis is suppressed in eat-2 animals (Fig. S6C) .
Increasing vitellogenesis by expressing vit-2::GFP in eat-2 animals reduced their life span significantly (Fig. 4B, Table S1 ), in addition to producing animals devoid of neutral lipid stores (Fig. 4C) . Silencing let-363/tor in vit-2::GFP-expressing animals failed to extend their life span (Fig. S6D, Table S2 ), suggesting that the life-span extension associated with reduced nutrient sensing is sensitive to VIT production. Likewise, further reduction of vitellogenesis by subjecting eat-2 animals to vit RNAi did not lead to additional extension in life span, as seen in glp-1 animals (Fig. 4D, Table S3 ). Altogether, these observations indicate that the reduction in vitellogenesis is an important mechanism in distinct longevity models.
Reduced lipoprotein production is conserved in dietaryrestricted animals
To evaluate whether the reduction in lipoprotein biogenesis in dietary-restricted animals is conserved, we measured the expression of the murine VIT ortholog, apolipoprotein B (Apob). We found that hepatic levels of Apob expression were significantly decreased in dietary-restricted mice (Fig. 4E) , suggesting that lowering lipoprotein biogenesis is conserved and integrated in longevity models. Concomitantly, we found that the hepatic expression of Foxa3 (ortholog of pha-4) is modestly increased. Moreover, the targets Lc3a and Lc3b (orthologs of lgg-2 35 ) were significantly increased in dietary-restricted mice, compared to ad libitum-fed mice (Fig. S6E) , suggesting the potential conservation of transcriptional induction of autophagy induction mediated by reduced lipoprotein biogenesis across phyla. Overall, these observations highlight a shared mechanism in long-lived and nutrient-restricted animals by which lipoprotein biogenesis is reduced to enable long-term survival. Altogether, our data supports a model in which lipoprotein biogenesis prevents life span extension by distributing lipids away from the intestine, and by negatively regulating the induction of autophagy-related and lysosomal lipase genes, thereby challenging the animal's ability to maintain lipid homeostasis and somatic maintenance (Fig. 4F ).
Discussion
Lipoprotein biogenesis is an important process that facilitates the transport of lipids between tissues, but its role in somatic maintenance has not been clearly established. Here, we provide evidence of an important role for lipoprotein production in the transcriptional induction of autophagy, a recently-uncovered longevity mechanism. 17 We observed that lipoprotein biogenesis governs the ability of animals to induce autophagy-and lysosomal lipolysis-related genes involved in lipid remodeling and signaling associated with long-term survival.
VIT production modulates the transcriptional regulation of autophagy and lysosomal lipase genes Our study shows that regulating yolk lipoprotein biogenesis in C. elegans can modulate aging by preventing the transcriptional activation of autophagic and lysosomal lipolytic genes. Increasing vitellogenesis can impair the activities of PHA-4/FOXA and DAF-16/FOXO, while reducing vitellogenesis enhances their expression, as well as that of some of their targets, which includes autophagy and lysosomal acid lipase genes. The lifespan extension mediated by VIT silencing requires the activity of both DAF-16/FOXO and HLH-30/TFEB, pointing to potential overlapping roles of these transcription factors in the induction of lysosomal acid lipase expression (Fig 4F) . 19, 39 Since LET-363/TOR regulates both DAF-16/FOXO and HLH-30/ TFEB, VIT production may be integrated with LET-363/TOR signaling to modulate life span (Fig. 4F) . Indeed, we found that life-span extension by TOR silencing was reliant on modest level of vitellogenesis (Fig. S6D) . As LET-363/TOR inhibition leads to the DAF-16-mediated induction of lipl-4 52 and since VIT expression was markedly increased in glp-1 animals in which daf-16 was mutated (Fig. S3G) , we conclude that DAF-16 plays a central role in the balance between vitellogenesis and lysosomal lipolysis (Fig. 4F) . Autophagy enhancements from reduced lipoprotein production may also involve the activation of the lysosomal and autophagy regulator HLH-30/TFEB. 54 Interestingly, cessation of vitellogenesis in the fat body of mosquitoes increases lysosomal activity, suggesting that the relationship between VIT and lysosomal activity may be conserved across phyla. 55 Indeed, nematodes and mice both display reduced lipoprotein gene expression and elevated expression of autophagy proteins, LC3A and LC3B, key proteins involved in autophagosome formation. We conclude that lipoprotein biogenesis is coordinated with the transcriptional activation of genes in the autophagy-lysosomal pathway.
Lipophagy-mediated lipid signaling, a novel mechanism for life-span extension Redistribution of lipids by reducing vitellogenesis concomitant with changes in lipogenesis, fatty acid chain length and saturation degree, 43, 56 appears to contribute to lipid metabolic changes necessary for life-span extension. To mediate these changes, lipid remodeling and desaturation are driven by the activity of NHRs, including NHR-49 and NHR-80. Here, we find that these NHRs play a crucial role in life-span extension associated with reduced vitellogenesis or enhanced lysosomal acid lipase overexpression. Signaling to these NHRs appears to be mediated by products of lysosomal lipolysis, including the polyunsaturated fatty acid eicosanopentanoic acid (EPA) 23 and in a recent report, by the fatty acid oleoylethanolamide. 24 As VITs are also major transporters of cholesterol 57 and C. elegans obtain cholesterol from their diet, 58 it is possible that maintenance of cholesterol stores in the intestine also improves survival. Recent work in yeast has shown that the maintenance of vacuolar microdomains involved in lipophagy is dependent on sterols. 59 Notably, artificial, cholesterol-producing C. elegans can live longer 60 and a cholesterol-binding protein modulates DAF-16 activity. 61 Additionally, cholesterol-mediated signaling via lipophagy may be enhanced when vitellogenesis is reduced as lysosomal lipases also possess physiologically important cholesterol esterase activity. 62 Interestingly, 2 recent studies have uncovered roles for NHRs NR1H4/FXR and PPARA/PPARa (NHR-49 ortholog) in modulating TFEB-mediated transcriptional regulation of autophagy. 50, 51 Therefore, the action of lipophagy on NHR-49 and NHR-80 may extend beyond lipid remodeling to maintain beneficial levels of autophagic flux, potentially by interacting with longevity-associated transcription factors.
Moving forward, identifying key lysosomal lipolysis-mediated lipid signals will be critical for gaining a deeper understanding of the mechanism by which lipophagy increases longevity. It will also be interesting to determine the role of other recently uncovered longevity-associated nuclear hormone receptors (e.g., NHR-8 and NHR-62) [63] [64] [65] in mediating transcriptional and lipid metabolic changes in VIT-depleted animals. Taken together, our study presents the interesting possibility whereby intracellular lipid distribution is integrated with the induction of autophagy, a quintessential process in somatic maintenance (Fig. 4F) .
Dietary-restriction effects on lipoprotein biogenesis are conserved
Because of their role in reproduction and their impact on intestinal lipid metabolism, yolk lipoproteins are relevant in the discussion of potential molecular trade-offs between reproduction and somatic maintenance. 66 Our data from nematodes demonstrate that increasing vitellogenesis has no effect on the life span of wild-type animals, but is detrimental for the long-term survival of dietary-restricted (eat-2), germline-less (glp-1), LET-363/TOR-inhibited animals, and mutants of the insulin/IGF-1 receptor (daf-2). The life span of animals with reduced expression of the VIT receptor, rme-2, remains unaffected, despite increased levels of VIT, suggesting that the accumulation of VIT in the pseudocoelemic fluid is not detrimental to the animal. Our data suggest that the accumulation of lipids outside of the intestine, at least via vitellogenesis, may not be a major contributor to nematode aging, as recently speculated. 67 Indeed, increasing VIT expression in wild-type flies has recently been found to have no effect on life span. 68 A previous study suggests that reduction of VIT production in dietary-restricted flies does not contribute to life span extension. 69 Unexpectedly, we find that dietary-restricted nematodes require low VIT levels to live long. In dietary-restricted worms and mice, the transcription of vit genes and hepatic Apob is significantly reduced, suggesting that the promoter regions of these homologous lipoprotein genes may contain conserved elements responsive to the nutrient status of the animal. Further studies of the promoter region of these lipoprotein genes may reveal novel factors and epigenetic changes that contribute to longevity. Altogether, our study of lipoprotein metabolism in the context of aging supports a specific molecular trade-off in which lipids transported away from the soma via lipoprotein secretion prevent the initiation of the key protective cellular processes of autophagy.
Implications in human diseases
Recently, rare functional variants of the APOB gene have been found to correlate with centenarians, suggesting a role for the regulation APOB protein production in extreme longevity. 70 Indeed, the production of APOB is a critical marker for the development of atherosclerosis and remains an attractive target for the prevention of cardiovascular diseases. 71 Notably, use of specific RNAi to silence APOB gene expression in primates results in significant reduction in serum APOB. 72 As lipid metabolic pathways are conserved between C. elegans and mammals 73 , it will be interesting to determine the effect of reduced APOB production on autophagy activation and nuclear hormone signaling. Our data provides evidence on the potential benefits of reducing APOB-containing lipoprotein production, not only with respect to cardiovascular risks, but also for preventing age-related decline in liver or intestine, by enhancing autophagy, lysosomal lipolysis and lipid-mediated signaling, which improves somatic maintenance. Therefore, silencing APOB could provide an alternative strategy to enhance autophagy in order to combat age-related metabolic and proteostatic decline.
Overall, this study uncovers a physiological balance between lipoprotein production and autophagy, providing a molecular mechanism that links lipid metabolism and somatic maintenance in the context of aging. Our data suggest a conserved mechanism between dietary-restricted worms and mice leading to reduced lipoprotein expression and increased induction of autophagy-related genes. Therefore, we propose a model (Fig. 4F ) in which long-term survival is initiated by reduced lipoprotein biogenesis, resulting in the activation of longevity transcription factors, autophagy and lysosomal lipolysis, and ultimately nuclear hormone receptor signaling to promote and maintain the transcriptional activation of genes that extend life span.
Methods
Strains
Nematodes were maintained at 20 C on OP50 E. Coli as previously describe. 74 A strain list is available in Table S6 .
Life-span analysis
Synchronized animals were prepared with hypochlorous acid and transferred onto bacteria-seeded plates. All life-span analyses were carried out at 20 C during adulthood. Viability was scored every 2 or 3 d, as previously described. 75 RNAi clones from the Ahringer library were used 76 and the plasmid expressing dsRNA against let-363/tor was previously published. 77 
Gene expression analysis
Each sample contained approximately 500 worms, RNA was extracted and cDNA was prepared as described. 46 Biological triplicates were analyzed using SYBR green (Roche, 04887352001) and a Roche LightCycler 480 (Indianapolis, IN). Expression was normalized using 3 to 6 housekeeping genes, including act-1, cyn-1, cdc-42, pmp-3, ama-1 and nhr-23. For the mice study, dietary restriction protocol, sample preparation and analysis were carried out as described. 46 A primer list is available upon request.
Oil-Red-O staining
Synchronized worms were aged to d 7 or d 20 and fixed in a 2% paraformaldehyde solution and stained with Oil-Red-O (Sigma, O0625) as described in. 41 
Fluorescence microscopy
Transgenic worms were mounted and aligned on a 2% agarose pad using a M9 solution (42 mM Na 2 HPO 4 22 mM KH 2 PO 4 86 mM NaCl, 1 mM MgSO 4 -7H 2 O) containing 0.1% sodium azide. Oil-Red-O stains and expression of GFP fusion proteins was observed using a fluorescence dissecting scope (Leica DFC310 FX, Buffalo Grove, IL) and images were taken with a Leica DFC310 FX camera.
Lipase assays
Lysosomal lipase activity was assayed using a fluorimetric assay as previously described. 19 Neutral lipase activity was measured using a colorimetric assay as previously described. 52 Fluorometric and colorimetric values were normalized to the wild type. For each sample, »300 worms were homogenized.
Statistical analysis
Statistical significance was determined by the Student t test or one-way ANOVA (Dennett test) using the Graph Pad Prism 6 Software. Kaplan-Meier survival curves and P values for life span assays were obtained by plotting data and using Log Rank (Mantel-Cox) test with the software Stata 13. 
Abbreviations
Disclosure of potential conflict of interest
No potential conflicts of interest were disclosed.
